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The  present  study  shows  the  effects  of  high  freestream  turbulence 
on  the  performance  of  a  two  dimensional  cascade.  The  cascade 
consisted  of  seven  NACA  65-A506  airfoils  with  two  inches  chord. 
Experiments  were  carried  out  at  flow  Reynolds  number  per  foot  in 
excess  of  two  and  a  half  million.  Flow  turbulence  intensity  of  7%  was 
generated  upstream  of  the  cascade.  Blades  with  three  different 
categories  of  surface  roughness  were  studied. 

High  freestream  turbulence  results  in  a  decrease  in  total 
pressure  loss  coefficient  in  the  cascade  and  an  increase  in  the  total 
pressure  loss  coefficient  in  the  wake.  The  results  also  show  an 
increase  in  pressure  coefficient,  over  the  suction  surface, 
independent  of  the  amount  of  surface  roughness.  The  boundary  layer 
thickness,  after  50%  chord,  increases  substantially,  with  an  increase 
in  freestream  turbulence.  This  effect  is  aggravated  with  higher 
surface  roughness.  The  effects  of  high  freestream  turbulence  on 
boundary  layer  edge  velocity  are  sensitive  to  local  surface  roughness. 
With  low  surface  roughness,  the  boundary  layer  edge  velocity  increase 
with  freestream  turbulence.  The  results  indicate  an  opposite  effect 
when  local  surface  roughness  is  increased. 


EFFECT  OF  FREESTREAM  TURBULENCE  ON  A 
TWO  DIMENSIONAL  CASCADE,  WITH  DIFFERENT 
SURFACE  ROUGHNESS,  AT  HIGH  REYNOLDS  NUMBER 

I.  INTRODUCTION 

Present  day  economics  have  placed  very  strict  requirements  on 
efficiency  of  aircraft  powerplants.  As  this  efficiency  is 
largely  dependent  on  rotating  parts,  that  is,  compressors  and 
turbines,  these  have  to  be  studied  and  analyzed  more  carefully. 
The  airflow  through  these  is  complex  therefore  difficult  to 

simulate  and  analyze  theoretically.  Although - "major  efforts 

over  the  last  few  years  have  tended  to -  concentrate  on 

generation  of  powerful  analysis  techniques  for  cascades,  it  is 
desirable  to  have  a  correlation  between  theoretical  and 
experimental  results"  (1:259). 

The  cascade  test  facility  already  set  up  at  the  Axr  Force 
Institute  of  Technology  has  been  used  to  collect  data  on  cascades 
for  various  test  conditions.  However,  the  reliability  of 
cascades  in  predicting  performance  of  turbomachinery  has  been 
debatable.  One  of  the  methods  of  improving  reliability  of  this 
data  is  to  establish  cascade  inlet  conditions  as  similar  to  a 
compressor  as  possible.  It  has  been  found  that  in  a  six  stage 
compressor,  the  turbulence  intensity  varies  from  2%  to  about  6% 
from  the  first  to  the  sixth  stage  (2:255).  It  is  therefore 


considered  necessary  to  create  similar  turbulence  upstream  of 
the  cascade.  This  will  not  only  give  more  realistic  data  but 
will  also  permit  comparison  of  cascade  performance  with  low  and 
high  freestream  turbulence. 

Objectives  and  scope:  The  objectives  of  this  study  are 

1.  To  create  sufficient  turbulence  intensity  upstream  of  the 
cascade,  so  as  to  simulate  compressor  conditions. 

2.  To  study  the  effect  of  this  upstream  turbulence  on  cascade 
performance . 

The  first  aim  is  to  have  a  physical  disturbance  in  the  flow 
path  so  as  to  result  in  the  required  turbulence.  To  study  the 
effect  of  this  turbulence,  it  is  very  important  that  no  other 
flow  parameter  (e.g.,  mass  flow,  etc.)  be  changed. 

The  parameters  required  for  comparison  are 

(i)  Pressure  loss  coefficient. 

(ii)  Wake  velocity  and  turbulence  intensity  profiles. 

(iii)  Center  blade  boundary  layer  profile  and  its  thickness, 

(iv)  Pressure  distribution  over  the  center  blade. 

Variation  of  the  above  parameters  was  studied  for  a  cascade  with 
NACA  65-A506  aerofoils.  Three  different  categories  of  surface 
roughness  were  used  and  data  for  each  of  these  analyzed.  This 
was  done  in  a  manner  to  assure  repeatability  in  results  and  allow 


-  2  - 


•  O  V  -  '  -  '  .  '  I 


II.  THEORY 

The  independent  variables  for  this  compressor  cascade 
investigation  are  freestream  turbulence  intensity  and  surface 
roughness.  Variables  upon  which  cascade  flow  performance  is 
based  are  pressure  loss  coefficient,  wake  velocity  profile, 
center  blade  suction  surface  boundary  layer  profile  and 
thickness,  and  center  blade  suction  surface  pressure 
distribution. 


Turbulence  intensit^i 


The  degree  of  the  turbulence  or 


turbulence  intensity  in  a  flow  is  given  by 

Tu  =  Vrms/V2  (1) 

where  Vrms  denotes  the  RMS  and  V2  denotes  the  mean  flow 
velocity.  The  RMS  voltage  output  of  an  anemometer  and  its  DC 
voltage  are  proportional  to  Vrms  and  V2  respectively. 


As  predicted  by  Schlicting  and  Das,  "it  may  be  expected  that 
in  the  lower  range  of  Reynolds  number  (Re<2*105)  the  flow  will  be 
largely  influenced  by  the  turbulence  of  the  freestream.  This  is 
in  contrast  to  the  flow  about  isolated  aerofoils  at  high 
Reynolds  number  (Re>106)  where  the  turbulence,  because  of  its 
large  scale,  does  not  play  any  part  ”(2:254).  The  Reynolds 
number  at  which  the  turbulence  effect  was  studied  in  this 
investigation  was  Re=4.5*105  (Re/ft . =2 . 7*106) . 


same  as  used  by  Poulin  (3:23).  Roughness  definition  and  its 
method  of  calculation  has  been  described  by  Poulin,  Williams  and 


Tanis  (3:90,  4:49,  5:54). 


Pressure  Loss  Coefficient  and  Efficiency:  Flow  through  a 

cascade,  like  flow  through  compressor  and  turbine  blades,  is  very 

sensitive  to  irreversibility  in  the  flow  process. 

Irreversibility  effects  are  due  to  blade  friction,  vortex 

formation  and  secondary  losses.  These  cause  a  loss  in  the  stage 

efficiency  which  is  given  as  .  , 

hp/y2  p^i2 

Stage  Efficiency  =  1  -  APth/72  9  v-\2  (13:381)  where  AP  is 

actual  total  pressure  loss,  AP^h  is  the  theoretical  pressure 
rise,  V-l  is  the  inlet  velocity  and  9  is  the  density.  The  term 
p/y2pj  \ i 2  is  also  called  total  pressure  loss  coefficient.  This  loss 
coefficient  is  also  related  to  cycle  efficiency  (2:247). 
Therefore,  the  non  dimensional  total  pressure  loss  coefficient  w, 
across  a  two  dimensional  cascade,  best  describes  the  losses.  It 
is  defined  by  the  equation 


Ptl  — Pt2 

7  ?  f",2 


(2) 


where  Pt^  is  the  mass  averaged  total  pressure  at  the  cascade  exit 
(from  centerline  of  the  flow  adjacent  to  the  blade  )•  In  order 
to  calculate  the  mass  averaged  total  presure  Pt2 ,  in  the  exit 
plane,  the  total  pressure  at  each  of  the  133  measuring  points  is 


calculated  by 


V,2 


)  *  'It 


pt2  =  P  [1  +  2CpT2  J  '  "  (3) 

The  mass  averaged  total  pressure  is  calculated  by  the  equation 


*t2  = 


A 


Pt2_£^_dA_ 

j  9vl  dA 


(7:14)  (4) 


Wake  Velocity  profile:  The  interaction  of  blade  surfaces  with 
the  flow,  forms  boundary  layers.  These  boundary  layers  join  at 
the  trailing  edge  to  form  a  wake.  "A  mixing  process  takes  place 
so  that  as  we  go  downstream,  a  homogeneous  flow  field  results 
after  sufficient  distance  behind  the  cascade.  This  is  shown  in 
Fig.  1.  The  mixing  process  generates  additional  losses,  which 
amount  to  about  20%  of  the  total  losses”  (8:311,  315).  In  their 
analysis  of  a  low  speed  two  dimensional  cascade,  Lieblein  and 
Roudebush  state  "Inasmuch  as  loss  in  the  total  pressure  is 
involved  in  mixing  process,  the  ultimate  total  pressure  at  a 
station  far  downstream  where  conditions  become  uniform  will  be 
less  than  at  the  blade  trailing  edge.  The  difference  in  total 
pressure  far  downstream  and  at  the  trailing  edge  is  referred  to 
as  mixing  loss.  As  the  wake  is  reenergized  downstream  of  the 

blade,  the  velocity  profile  in  the  wake  changes.  -  The  rate 

at  which  a  blade  wake  is  reenergized  depends  to  some  extent  upon 
such  additional  factors  as  initial  state  of  the  wake,  freestream 
turbulence  level,  Reynolds  number  and  Mach  number  "  (7:5,  6). 


Itr  downatraaa 


From  these  remarks,  it  is  obvious  that  rate  of  wake  mixing  is 
important  in  determining  wake  losses.  The  rate  of  wake  mixing 
can  be  determined  by  two  parameters 

(i)  Change  in  the  ratio  of  wake  minimum  velocity  to 
freestream  velocity,  Vmin/Vo  at  various  positions 
along  the  wake  flow.  As  determined  by  Lieblein  and 
Roudebush  (7:6-7)  this  ratio  may  be  given  by 

Vmin/Vo  =  l-a(x/c+bj~  /2  (5) 

where  a  and  b  are  constants  whose  value  have  been 
experimentally  found  to  be  0.13  and  0.025 
respectively. 

(ii)  Change  in  wake  flow  thickness,  which  is  defined 
arbitrarily  to  be  the  width  of  the  wake  as  established 
by  the  points  where  V/Vo=0.99  (7:15).  (V=  velocity  at 
any  point  in  that  plane  and  Vo  is  the  freestream 
velocity  in  that  plane) 

Boundary  Laver:  The  velocity  boundary  layer  can  be  described 
in  terms  of  viscous  effects  which  produce  a  no  slip  condition  at 
the  surface.  It  is  the  layer  within  which  the  fluid  velocity 
changes  from  zero  at  the  surface  to  the  freestream  velocity.  Its 
thickness  therefore  is  the  perpendicular  distance  from  the 
surface  to  the  point  at  which  approximate  freestream  velocity  is 


Matching  Channel  and  Boundary  Layer  Profiles 


surface  to  the  point  at  which  approximate  freestream  velocity  is 
attained.  In  a  cascade,  determination  of  boundary  layer 
thickness  and  velocity  over  blade  surface  becomes  difficult 
because  of  the  influence  of  adjacent  blades.  "The  normal 
pressure  gradient  that  exists  between  the  suction  surface  of  one 
blade  and  pressure  surface  of  the  other  creates  a  velocity 
profile  as  shown  in  Fig.  2(a).  As  a  result,  boundary  layer  edge 
velocity  and  thickness  are  difficult  to  determine"  (3:4).  To 
overcome  this,  Deutsch  and  Zierke  (9:8)  used  the  principle  of 
composite  matching,  according  to  which  the  measured  profile  is  a 
composite  one,  consisting  of  three  regions:  an  inner  region 
dominated  by  viscous  effects,  an  inviscid  region  where  normal 
pressure  gradient  acts,  and  a  region  in  between  the  two,  where 
inviscid  /  viscid  flows  interact.  The  measured  velocity  can 
therefore  be  written  as 

Vm  =  VBL  +  Vinv  -  Ve  (6) 

where  Vm  =  measured  velocity 

VBl  =  boundary  layer  velocity 
Vinv  =  inviscid  velocity 
Ve  =  edge  velocity 

Also,  the  measured  velocity  at  wall  should  go  to  zero.  With  no 
slip  condition  fluid  flow,  VBl  must  be  equal  to  zero.  This  means 
that  Vinv  at  the  wall  equals  Ve. 

"An  extrapolated  quadratic  curve  was  used  by  Deutsch  and 


Zierke  to  fit  a  statistical  number  of  points  in  the  inviscid 


region  and  to  determine  Vinv  at  the  wall.  The  number  of  points 
included  in  the  curve  fit  was  determined  by  locating  a  range  of 
points  beyond  the  maximum  velocity  point  where  the  calculated 
wall  velocity  was  constant.  N/2  ±  N/4  points  provide  the  optimum 
curve  fit,  where  N  is  the  number  of  points  from  the  maximum 
velocity  position  to  the  outer  edge  of  the  velocity  profile" 
(4:21)  . 

The  same  method  with  slight  modification  was  used  by  Poulin 
(3:40).  This  was  adopted  to  determine  boundary  layer  velocity 
profile  and  boundary  layer  thickness.  Fig.  2(b)  shows  the  two 
distinct  regions  of  composite  velocity  profile. 

Blade  Pressure  profile:  The  pressure  distribution  over  the 

blade  suction  surface  is  obtained  by  measuring  static  pressure  at 
discrete  points  along  the  surface.  This  is  then  expressed  in 
terms  of  a  nondimensional  pressure  coefficient  'Cp'. 

Cp  =  (P-Pl  )//29v,2  (7) 

P  =  Measured  static  pressure 
PI  =  Inlet  static  pressure 
p  =  Inlet  density 
=  Inlet  velocity 


where 


III.  EXPERIMENTAL  APPARATUS 


Cascade  Test  Facility:  This  experimental  investigation  was 
conducted  on  the  cascade  test  facility  (CTF)  located  at  the  Air 
Force  Institute  of  Technology,  School  of  Engineering.  A 
schematic  diagram  of  the  facility  is  shown  in  Fig.  3.  It 
consists  of  a  forty  horsepower  centrifugal  blower  with  a 
discharge  rating  of  3000  cubic  feet  per  minute  at  a  flow 
pressure  of  1.666  pounds  per  square  inch  (gauge).  The  air  intake 
is  ducted  to  take  outside  air  at  constant  temperature. 
Recirculated  room  air  can  also  be  used  if  required.  A  series  of 
screen  wire  and  electrostatic  air  cleaners  have  been  provided 
upstream  of  the  blower.  Air  from  the  blower  passing  through  a 
nine  foot  long  diffuser,  is  directed  into  a  stilling  tank  where, 
after  being  radially  diffused,  it  passes  through  a  filtering  / 
flow  straightening  arrangement.  The  air  exits  the  stilling  tank 
and  passes  through  a  turbulence  generating  arrangement,  which 
can  be  switched  on  /  off  as  required.  The  air  flow  then  enters  a 
two  by  seven  inch  test  section.  At  this  point  the  flow  has  a 
Reynolds  number  per  foot  about  two  and  a  half  million.  Its 
turbulence  intensity  depending  upon  whether  the  turbulence 
generation  is  off  or  on,  varies  from  less  than  2%  to 
approximately  7%.  A  detailed  description  of  the  CTF  is  given  by 
Allison  (10) . 

Turbulence  Generation  System:  One  of  the  main  objectives  of 


this  investigation  is  to  create  turbulence  intensity  upstream  of 
the  cascade,  similar  to  that  observed  in  the  last  stages  of  an 
axial  flow  compressor.  Also  the  compressor  blade  performance  in 
a  cascade  is  to  be  compared  with  and  without  this  turbulence 
generation.  It  is  therefore  necessary  to  have  a  turbulence 
generation  system  which  will  not  alter  any  other  flow  parameter. 
This  is  achieved  by  installing  an  aluminum  plate  3/4  inch  thick, 
ahead  of  the  test  section.  This  plate  has  the  same  flow  area  as 
the  test  section.  Sixteen  1/16  inch  holes  have  been  drilled  in 
the  plate,  perpendicular  to  the  test  section  centerline,  seven  on 
each  side  and  one  each  on  top  and  bottom.  These  are 
interconnected  through  a  manifold,  which  is  also  connected  to 
four  1/4  inch  holes  on  the  outside.  These  four  holes  are  the  air 
inlets  connected  to  a  source  having  100  psi(g)  pressure.  The 
air  is  ducted  from  the  source  through  a  sufficiently  large 
diameter  pipe  so  as  not  to  choke  the  flow.  This  secondary  air  is 
blown  into  the  main  air  stream  through  the  1/16  inch  holes.  The 
total  pressure  change  in  the  main  air  flow,  caused  by  this  is 
less  than  2%.  It  is  however  sufficient  to  cause  turbulence 
intensity  of  the  main  flow  to  increase  from  less  than  2%  to  about 
7%.  In  this  report,  the  turbulence  intensity  of  the  flow  has 
been  referred  to  as  low  and  high  turbulence,  depending  on  the 
state  of  turbulence  generation. 

Test  Section:  The  CTF  test  section  is  configured  with  seven 


NACA  65-A506  aerofoils.  According  to  Moe  (11:5),  the  profile  of 
these  blades  is  similar  to  that  found  in  the  latter  stages  of  a 
high  pressure  compressor.  The  blade  setting  is  the  same  as  used 
by  Poulin  (3:17).  To  simulate  an  infinite  cascade,  the  outer 
blades  are  half  imbedded  in  the  test  section  wall.  The  blades 
are  set  at  a  row  angle  of  31  degrees,  a  stagger  angle  of  16 
degrees  and  an  angle  of  attack  of  15  degrees.  The  blade  turning 
angle  is  19  degrees.  Each  blade  has  a  two  inch  chord  and  an 
aspect  ratio  of  1.  The  solidity  of  1.5  is  due  to  a  blade 
separation  of  1.3333  inches. 

Test  section  diagram  is  shown  in  Fig.  4.  There  are  six 
static  ports  at  the  cascade  inlet.  As  these  are  in  the  same 
plane,  they  are  used  to  confirm  uniformity  of  flow  at  the  inlet 
and  to  get  an  average  inlet  static  pressure  reading.  The  exit 
channel  has  two  plexiglass  side  walls  and  adjustable  top  and 
bottom  walls.  The  top  and  bottom  walls  each  have  four  static 
pressure  ports  in  the  direction  of  the  flow.  These,  along  with 
the  top  and  bottom  walls  are  used  to  adjust  the  exit  area  as 
required,  to  establish  uniform  conditions  entering  and  leaving 
the  cascade.  One  of  the  plexiglass  side  walls  has  four  rows  of 
static  pressure  ports.  These  are  1.25  inches,  2.25  inches,  3.25 
inches,  and  4.25  inches,  behind  the  trailing  edge  of  the  cascade. 
They  are  used  to  measure  static  pressure  at  the  planes  where  wake 
survey  is  done. 
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Boundary  Laver  Control;  To  get  a  two  dimensional  flow,  a 
boundary  layer  control  mechanism  has  been  installed.  This 
consists  of  a  side  wall  suction  which  continuously  draws  off  the 
boundary  layer  from  the  side  walls  before  the  flow  reaches  the 
blades.  Moe  (11:47)  determined  that  with  appropriate  suction 
applied,  two  dimensional  flow  was  established  at  the  center  span 
(about  2/3rd  width  of  the  blade)  of  an  aerofoil  in  a  cascade. 

Instrumentation :  In  this  study,  pressure,  velocity  and 

temperature  at  various  locations,  are  measured.  This  is  done 
with  pressure  transducers,  thermocouples  and  two  types  of  hot 
film  anemometers.  A  traversing  mechanism  is  provided  to  position 
anemometer  probes  at  different  locations.  A  complete  listing 
these  instruments  is  given  in  Appendix  A.  Measurements  are  taken 
at  the  following  points 

(i)  Pressure  and  temperature  readings  are  taken  from  the 
stilling  tank  with  a  pressure  transducer  and  a 
thermocouple . 

(ii)  Static  pressure  readings  are  taken  at  the  cascade 
entrance  plane  with  a  pressure  transducer. 

(iii)  Static  pressure  readings  are  taken  at  38  points  on  the 
suction  surface  of  the  center  blade  with  a  scanivalve 


pressure  transducer  system. 


(iv)  Velocity  and  turbulence  intensity  of  the  flow  are 
measured  over  the  blade  surface  with  a  boundary  layer 


anemometer  probe  mounted  on  the  traversing  system. 

(v)  Static  pressure  is  measured  at  four  exit  planes  with  a 
pressure  transducer. 

(vi)  Exit  plane  velocity  measurements  are  taken  at  four 
planes  with  a  'X'  wire  anemometer  probe  mounted  on  the 
traversing  mechanism. 

Additionally,  eighteen  water  manometers  are  installed  with 
the  CTF  to  monitor  the  balancing  of  inlet  and  exit  plane 
pressures. 

The  pressure  transducers  were  calibrated  over  their  operating 
ranges  with  a  linear  curve  fit  used  to  convert  output  voltages  to 
pressures.  The  copper  /  constantan  thermocouple  voltage  output 
is  converted  to  temperatures  with  the  help  of  data  acquisition 
software  (12:3.78,  3.85). 

For  the  velocity  and  turbulence  intensity  data,  two  Thermal 
System  International  (TSI)  Model  1050  anemometers  are  used. 
These  are  connected  to  TSI  Model  1241-10  'X'  configuration  hot 

film  probe.  One  of  the  same  anemometers  is  connected  to  a  TSI 


Model  1218-20  hot  film  boundary  layer  probe  for  boundary  layer 
measurements.  The  anemometer  system  was  calibrated  using  a 
modified  TSI  Model  1125  calibrator.  The  probes  were  calibrated 
at  a  range  of  temperature  which  varied  from  20  degrees  to  50 
degrees  F  above  the  ambient  temperature.  The  complete  procedure 
has  been  given  by  Poulin,  Williams  and  Tanis  (3:81-89,  4:11, 

5:7).  The  procedure  for  data  reduction  was  modified  for  more 
accurate  velocity  data  by  adding  probe  wire  resistance.  The 
procedure  is  given  in  Appendix  B.  Calibration  curves  were 
obtained,  examples  of  which  are  shown  in  Figs.  5  and  6.  With  the 
use  of  X  wire  probe,  both  magnitude  and  direction  of  velocity  and 
turbulence  intensity  can  be  measured. 

Traversing  Mechanism:  This  equipment  is  designed  to  position 
the  anemometer  probe  at  a  number  of  points  for  velocity  and 
turbulence  intensity  measurements.  It  consists  of  two  motors 
which  move  the  probe  in  X  (parallel  to  the  chord)  and  Y 
(perpendicular  to  blade  surface)  directions.  Manual  movement  in 
Z  (parallel  to  blade  span)  direction  is  also  possible.  The  X  and 
Y  direction  movement  are  integrated  to  the  data  acquisition 
system  through  an  encoder.  A  position  indicator  provides 
accurate  information  of  probe  location  with  respect  to  a 
reference  point.  Accurate  location  of  the  initial  reference 
point  is  very  important  to  make  precise  use  of  this  system. 


1) 


Hire  Wake  Probe 


Blade  Roughness  Configuration:  The  aerofoils  used  are  NACA 

65-506  with  three  different  roughness  categories.  One  is  the 
original  smooth  casting  while  the  other  two  have  different  grades 
of  emery  paper  bonded  on  the  suction  surface.  The  emery  paper  is 
placed  in  the  mold  so  as  to  preserve  the  blade  surface  contour. 
The  roughness  begins  a  sixteenth  of  an  inch  from  the  leading  edge 
and  extends  to  the  25%  chord  point.  Further  details  of  roughness 
measurements  are  given  by  Poulin  (3:25).  Roughness  values  for 
the  three  configurations  are  given  in  Table  I. 


TABLE  I, 


Blade  Roughness  Configurations 


Conf  i 


ia.mic  m  ]  Ks.mic  m 


1  |  0.45 

2  |  12.10 

3  |  18.30 


I  2.79  I 

|  75.00  | 

I  113.00  I 


Suction  Surface  Pressure  Measurement:  The  center  blade  on 
all  three  configurations  is  instrumented  with  38  static  pressure 
ports  over  the  suction  surface.  These  are  alternately  offset  a 
sixteenth  of  an  inch  to  either  right  or  left  of  the  center. 
Holes  have  been  drilled  from  either  end  of  the  blades  to  join  the 
taps.  Metal  tubing  with  0.22  inch  outer  diameter  are  inserted  in 
these  holes.  The  pressure  taps  are  further  connected  to  38  lines 
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on  the  scanivalve  measuring  system.  Pressure  measurement  can  be 
made  by  manually  operating  the  scanivalve  controller  and 
monitoring  the  position  display.  For  automatic  pressure 
readings,  the  system  is  controlled  by  HP  9845B  computer 
software.  The  pressure  tap  arrangement  is  shown  in  Fig.  7. 


Data  Acquisition  &  Analysis  System:  All  measurements  taken 
at  the  CTF  are  monitored  by  HP  3052A  Data  Acquisition  System, 
which  is  controlled  through  HP  9845B  computer  software.  These 
measurements  are  recorded  as  raw  data  on  HP  984 5B  computer 
system.  All  components  of  this  are  listed  in  Appendix  A.  HP 
9845B  computer  software  also  controls  the  movement  of  the 
traversing  mechanism.  Data  is  converted  to  engineering  units 
later  through  other  programs,  and  used  in  performance  analysis. 

#• 
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IV.  EXPERIMENTATION  AND  DATA  REDUCTION 


The  experiments  conducted  during  this  study  were  divided  into 
four  stages. 

1.  Turbulence  generation. 

2.  Study  of  effects  of  turbulence  in  the  wake. 

3.  Study  of  effects  of  turbulence  upon  pressure 
profile  on  the  blade. 

4.  Study  of  turbulence  effect  on  boundary  layer 
profile  and  thickness. 

After  stage  one  was  successfully  completed,  stages  two,  three 
and  four  were  accomplished  for  the  three  different  blade 
configurations . 

The  CTF  was  allowed  to  warm  up  to  flow  operating  temperatures 
and  was  balanced  before  taking  any  measurements.  The  balanced 
conditions  were  reached  when  static  pressure  ports  along  the  top 
and  bottom  walls  at  the  exit  of  the  test  section  were  indicating 
approximate  ambient  pressure.  Also,  the  inlet  pressure  ports 
were  at  constant  pressure  across  the  channel.  These  established 
a  two  dimensional  flow  (3:29).  With  turbulence  generation  on, 
the  exit  pressure  readings  changed  slightly,  however  the  test 
section  was  not  rebalanced  again. 


Turbulence  Generation:  The  turbulence  generation  device 
described  in  Chapter  III  was  integrated  with  the  CTF.  RMS  and  DC 
voltage  measurements  were  taken  of  the  output  signal  from  a  'X' 
wire  anemometer  probe  placed  in  the  flow.  This  was  done  with  the 
turbulence  generation  device  on,  but  without  installing  any 
cascade.  A  1.33  inches  traverse,  perpendicular  to  the  chord,  was 
carried  out  where  the  leading  edge  of  the  center  blade  was 
supposed  to  be.  The  voltages  were  converted  to  flow  and  RMS 
velocities  using  the  calibration  curve.  Turbulence  intensity  at 
each  point  was  then  calculated  using  Equation  (1).  The  profile 
is  shown  in  Fig.  8.  Another  similar  traverse  was  done  over  the 
whole  section,  at  the  same  position.  The  turbulence  intensity 
profile  for  this  is  shown  in  Fig.  9. 

The  effect  of  blowing  secondary  air  into  the  main  stream  was 
checked  by  installing  a  pitot  tube  in  the  flow.  Total  pressure 
readings  were  taken  at  several  positions  with  and  without 
secondary  air  being  injected  in  the  flow.  The  change  in  total 
pressure  with  this  air  blowing  was  less  than  2%. 

Wake  Study:  For  each  of  the  cascade  configurations,  four 
wake  traverses  were  carried  out.  These  were  done  both  with  low 
and  high  freestream  turbulence,  1.25  inches,  2.25  inches,  3.25 
inches  ^.nd  4.25  inches  behind  the  trailing  edge  of  the  center 
blade.  Each  traverse  covered  a  vertical  distance  of  1.33  inches, 


TURBULENCE  INTENSITY  RT  CRSCRDE  LERDING 
EDGE,  CRSCRDE  NOT  INSTRLLED 


rbulence  Intensity  With  Turb.  Generation 


half  on  each  side  of  the  blade  chord.  The  location  of  each 
traverse  is  shown  in  Fig.  10.  133  data  points  were  taken  in  each 
traverse.  Using  the  anemometer  calibration  curve,  these  were 
reduced  to  wake  velocities,  from  which  turbulence  intensities 
were  also  calculated  using  Equation  (1)  .  These  profiles  are 
shown  in  Appendices  C,  D,  and  E.  Pressure  and  temperature 
measurements  at  points  described  earlier,  were  also  taken  during 
all  the  traverses. 

Velocity  Correction:  The  anemometer  voltage  output  was 
converted  to  velocity  using  probe  sensor  calibration  curve.  This 
was  compared  with  the  isentropic  velocity  calculated  from  total 
and  static  pressure  measurements.  It  was  found  that  the 
experimentally  measured  velocity  was  approximately  5%  higher.  In 
previous  studies  on  this  CTF  (3,  4,  5,  11)  this  error  had  been 
about  7%  to  10%.  This  has  been  reduced  because  of  incorporating 
the  cable  resistance  in  the  calibration  and  data  reduction 
procedure.  The  cause  of  this  error,  as  explained  by  Poulin 
(3:30)  and  Tanis  (5:14-15)  is  thought  to  be  related  to  variation 
in  heat  transfer  rate  due  to  humidity.  The  problem  was  overcome 
by  applying  continuity  condition  upstream  and  downstream  of  the 
flow  and  obtaining  a  correction  factor  for  velocity  (5:15-16, 
11:12). 
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Pressure  Loss  Coefficient:  As  pointed  out  earlier,  this 
quantifies  the  total  loss  through  a  cascade  and  is  given  by 
Equation  (2)  .  The  total  pressure  upstream  of  the  cascade  is  the 
pressure  inside  the  stilling  tank,  this  was  measured.  Cascade 
inlet  static  pressure  was  measured  and  from  these  two  the  dynamic 
pressure  calculated.  To  calculate  mass  averaged  total  pressure 
Equation  (3)  and  (4)  were  used. 


As  stated  by  Poulin  (3:33)  and  Moe  (11:16),  the  area 
integrals  in  Equation  (4)  can  be  reduced  to  single  integrals 
because  of  the  two  dimensional  flow.  These  integrals  were 
evaluated  numerically  on  HP  9845A  computer,  using  the  available 
data.  The  pressure  loss  coefficient  for  all  three 
configurations,  with  and  without  turbulence  is  given  in  Chapter 
V,  Table  II. 


Blade  Pressure  Profile:  The  scanivalve  pressure  monitoring 
system  was  used  to  get  a  pressure  profile  over  the  blade  suction 
surface.  Static  pressure  was  measured  for  all  roughness  and 


turbulence  configurations, 


The  positions  at  which  these 


measurements  were  taken  are  shown  previously  in  Fig.  7.  The 
pressure  coefficient,  Cp,  for  each  point  was  calculated  using 
Equation  (7)  .  These  were  plotted  against  their  locations.  The 
plots  are  given  in  Chapter  V,  Figs.  20,  21,  and  22. 


Boundary  Laver  Study:  Hot  film  boundary  layer  probe,  TSI 
Model  1218-20,  was  used  for  this  part  of  the  investigation.  RMS 
and  DC  voltages  were  recorded  for  traverses  perpendicular  to  the 
blade  surface,  with  the  CTF  operating.  These  measurements  were 
taken  at  thirteen  different  chord  locations  shown  in  Fig.  10. 
Each  of  the  thirteen  traverses  were  done  for  all  three  surface 
roughness  configurations,  with  low  and  high  freestream 
turbulence.  These  started  0.03  inches  above  the  blade  surface. 
Most  of  these  included  sixty  points  0.005  inch  apart.  However, 
for  the  last  four  chord  locations,  with  high  turbulence  and 
surface  roughness,  ninety  points  per  traverse  were  required. 

The  voltages  obtained  were  converted  to  flow  and  RMS 
velocities  with  the  calibration  curves.  This  gave  the  velocity 
profile  for  the  measured  velocity  (Vm) .  The  mean  edge  velocity 
was  calculated  by  the  scheme  given  by  Deutsch  and  Zierke  (9:8-9) 
which  has  also  been  used  by  Williams  (4:20)  and  Poulin  (3:39-40) 
in  similar  studies.  Using  Equation  (6)  ,  the  boundary  layer 
velocity  profile  was  calculated  for  each  traverse.  The  boundary 
layer  thickness,  ^BL,  was  determined  at  a  distance  from  the 
surface  where 

V  =  0.99  Ve  (8) 


The  edge  velocity  corresponding  to  this  thickness  was  then  taken 
as  the  actual  edge  velocity. 


The  turbulence  intensity  was  calculated  from  the  measured 
flow  and  RMS  velocities  using  Equation  (1) .  As  quoted  by  Poulin 
(3:41)  "Deutsch  and  Zierke  (9:9)  pointed  out  that  the  turbulence 
intensity  will  be  higher  than  freestream  turbulence  till 
approximately  y=1.25^BL".  This  gave  an  approximate  value  of 
^BL,  to  compare  with  that  determined  from  velocity  measurements. 
The  velocity  profile  plots  and  turbulence  intensity  profile  plots 
for  all  traverses  are  given  in  Appendices  Ff  G,  and  H. 


V.  RESULTS  AND  DISCUSSION 


This  investigation  involved  study  of  the  same  blade  profile 
with  three  different  configurations  characterized  by  surface 
roughness.  The  roughness  parameter  Ra  is  given  by  the  average 
value  of  deviation  from  the  center  line  over  a  particular 
sampling  length.  Each  of  the  three  configurations  was  studied 
with  low  and  high  freestream  turbulence.  The  areas  of  interest 
were  the  wake,  the  pressure  profile  over  the  suction  surface  and 
the  boundary  layer. 

Wake  Survey:  For  the  two  levels  of  freestream  turbulence, 
data  was  obtained  in  the  wake.  This  has  been  plotted  in  the  form 
of  velocity  and  turbulence  intensity  profiles.  The  results  are 
given  in  Appendices  C,  D  and  E,  corresponding  to  configurations 
1,  2,  and  3  respectively. 

From  the  figures  (App.  C,  D,  &  E)  ,  it  can  be  seen  that  the 
wake  velocity  profiles  are  similar  to  those  predicted  by  Lieblein 
and  Roudebush  (14:33)  and  reproduced  as  Fig.  1.  A  comparison  of 
the  profiles  indicate  that  the  trough  in  the  wake  velocity  is 
spread  more  for  profiles  with  increased  freestream  turbulence. 
This  implies  that  the  'wake  flow  thickness'  should  increase  with 
freestream  turbulence.  The  wake  flow  thickness  should  increase 
with  freestream  turbulence.  The  wake  flow  thickness  was 
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DIMENSIONLESS  DISTANCE  DOWNSTREAM  OF  TRAILING 


calculated  and  is  given  as  full  thickness  ratio  (  &/c)  versus 
distance  downstream,  in  Figs.  11,  12,  and  13.  These  confirm  the 
observation  just  made.  Full  thickness  ratio  is  more  than  doubled 
with  increased  freestream  turbulence.  It  may  be  noted  that 
there  was  a  discontinuity  in  the  velocity  profile  of  smooth 
airfoils  for  the  traverse  at  3.25  inches  behind  trailing  edge,  at 
both  low  and  high  turbulence  (Figs.  31  and  35).  This  was  not 
there  in  the  case  of  rough  blades.  No  explanation  for  this  was 
found.  As  it  was  repeatable,  it  is  probable  that  the  cause  was 
some  slight  defect  in  test  section  exit. 

The  velocity  ratio  Vmin/Vo  is  plotted  in  Figs.  14,  15,  and 
16.  The  theoretical  equation  given  by  Lieblein  and  Roudebush  is 
also  plotted  for  comparison.  The  slope  of  the  line  joining  data 
points  on  these  plots  is  indicative  of  the  rate  at  which  wake  is 
energized.  As  can  be  seen  Vmin/Vo  with  high  freestream 
turbulence,  is  lower  than  for  the  case  with  low  freestream 
turbulence,  for  points  at  the  same  location.  The  difference 
decreases  for  locations  further  downstream  from  the  cascade. 
Thus  plots  of  data  with  higher  turbulence  have  a  greater  slope. 
This  trend  is  similar  for  all  three  roughness  configurations, 
although  the  effect  decreases  with  increased  roughness.  From 
this  and  the  fact  that  wake  full  thickness  is  larger  with  high 
turbulence,  it  may  be  concluded  that  the  mixing  rate  in  the  wake 


of  a  cascade  increases  with  increase  of  freestream  turbulence. 
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The  total  pressure  loss  coefficient,  w,  as  defined  earlier, 
was  calculated.  This  is  given  for  each  traverse  in  Table  II, 
For  low  freestream  turbulence,  these  had  also  been  calculated  by 
Poulin  (3:68),  his  results  have  also  been  tabulated  for 
comparison.  This  coefficient  was  also  plotted  at  each  traverse 
location;  these  plots  are  given  in  Figs.  17,  18,  and  19  for 
configuration  1,  2,  and  3  respectively.  These  show  that  at  the 
first  traverse  location,  1.25  inches  behind  the  trailing  edge, 
pressure  loss  coefficient  is  reduced  when  freestream  turbulence 
is  increased  for  all  three  configurations.  This  reduction  varies 
from  18%  to  25%.  Further  downstream,  about  4  inches  from  the 
trailing  edge,  the  pressure  loss  coefficient,  for  both  levels  of 
turbulence,  is  the  same.  The  trend  is  similar  for  all  three 
configurations,  although  the  increase  is  slightly  more  for  conf. 
#2.  This  leads  to  the  conclusion  that  the  rate  of  increase  of 
pressure  loss  coefficient  in  the  wake  increases  with  freestream 
turbulence.  As  stated  earlier,  higher  mixing  rate  will  lead  to 
higher  wake  losses  downstream. 

To  summarize  it,  can  be  said  that  the  pressure  loss 
coefficient  just  behind  the  cascade  was  found  to  be  much  lower  at 
the  high  value  of  turbulence  investigated.  However,  the  rate  of 
wake  mixing  was  much  higher  with  high  turbulence,  causing  higher 
wake  losses.  This  resulted  in  the  pressure  loss  coefficient 
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becoming  almost  the  same  about  4  inches  behind  the  trailing 
edge.  No  data  was  taken  further  down  stream  but  the  velocity 
profiles  at  the  4.25  inches  traverse  position  indicate  that  wake 
mixing  is  almost  completed.  Therefore,  the  loss  coefficients  at 
4.25  inches  are  representative  of  the  combined  total  pressure 
loss  in  the  cascade  and  due  to  mixing. 

Suction  Surface  Pressure  Distribution;  Static  pressure  at 
each  of  the  38  locations  on  the  suction  surface  of  the  center 
blade  was  measured.  These  pressures  were  converted  to  pressure 
coefficients,  Cp,  as  described  in  Equation  (7)  .  Three  sets  of 
measurements  were  taken  for  each  configuration,  at  low  and  high 
turbulence.  The  repeat  readings  were  almost  the  same  for  any  one 
set  of  conditions,  indicating  consistency  of  flow  through  CTF . 

For  every  configuration  and  turbulence  condition,  a  mean  Cp 
at  each  location  on  the  suction  surface,  was  calculated.  These 
have  been  plotted  in  Figs.  20,  21,  and  22  for  configuration  1,  2, 
and  3  respectively.  The  pressure  distribution  for  all  three 
configurations  at  low  turbulence  was  the  same  as  observed  by 
Poulin  (3:43-45).  As  observed  previously,  there  is  a  definite 
fluctuation  in  pressure  coefficients  between  25  and  42  percent 
chord,  for  the  two  configurations  with  roughness.  Poulin  (3:46) 
attributed  this  to  the  method  of  roughness  application. 
Increased  turbulence  does  not  change  this  behavior. 


A  comparison  of  the  two  Cp  profiles  for  the  suction  surface 
of  smooth  blades  reveal  that  the  pressure  coefficient  increases 
with  freestream  turbulence.  This  increase  is  consistent  over  the 
whole  blade  surface.  On  most  of  the  surface  Cp  increases  by 
about  12  to  15  percent.  This  corresponds  to  an  increase  in 
static  pressure  of  about  10%.  This  behavior  is  similar  in  case 
of  rough  blades. 

It  can  therefore  be  concluded  that  static  pressure  over  the 
suction  surface  of  a  blade  in  a  cascade  increases  with  freestream 
turbulence.  This  effect  remains  the  same  irrespective  of  the 
amount  of  surface  roughness.  It  may  be  noted  that  similar 
effects  of  turbulence  have  been  observed  by  Evans  (14:3),  who 
conducted  his  experiments  on  a  one  foot  chord  cascade.  In  his 
experiment,  turbulence  intensity  of  3.14%  and  5.2%  was  produced 
by  1  and  2  inch  wire  grids. 

Boundary  Laver  Study:  As  described  earlier,  the  study  of 
boundary  layer  involved  determination  of  flow  velocity  and 
turbulence  intensity  profiles.  These  were  used  to  calculate 
boundary  layer  velocity  profiles,  boundary  layer  thickness  and 
edge  velocity  along  the  suction  surface  at  thirteen  different 
chord  locations. 


Using  a  boundary  layer  anemometer  probe,  data  was  obtained  at 


4.688,  9.375,  25.00,  29.68,  34.375,  40.625,  45.313,  50.00, 
65.625,  70.313,  75.00,  79.688,  and  84.375  percent  chord.  From 
the  method  described  in  Chapter  IV,  flow  velocity  and  turbulence 
intensity  profiles  were  determined.  The  boundary  layer  velocity 
and  turbulence  intensity  profiles  are  given  in  Appendices  F,  G, 
and  H  for  configurations  1,  2,  and  3  respectively.  Table  III 
gives  the  numerical  values  of  edge  velocity,  boundary  layer 
thickness  and  turbulence  intensity  boundary  layer  thickness  for 
all  three  configurations  at  low  freestream  turbulence.  Table  IV 
gives  the  same  with  high  freestream  turbulence. 
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Laver  Parameters 


With  Low  Freestream  Turbulence 


Conf  # 

%  Chord 

Ve  ft/sec 

<5BL  ins. 

Tubl  ins. 

4 . 688 
9.375 
25.000 

29 . 688 

34.375 

40.625 

45.313 
50.000 

65.625 

70.313 
75.000 

79.688 

84 . 375 


0.0337 

0.0370 

0.0401 

0.0386 

0.0392 

0.0418 

0.0393 

0.0387 

0.0458 

0.0712 

0.0544 

0.0582 

0.0691 


0.0352 

0.0392 

0.0407 

0.0372 

0.0394 

0.0414 

0.0388 

0.0385 

0.0425 

0.0482 

0.0537 

0.0543 

0.0615 


4 . 688 

9.375 
25.000 

29.688 

34.375 

40.625 

45.313 
50.000 

65.625 

70.313 
75.000 

79.688 

84 . 375 


4.688 

9.375 

25.000 

29.688 

34 .375 

40.625 

45.313 
50.000 

65.625 

70.313 
75.000 

79.688 

84 . 375 


0.0340 

0.0332 

0.0352 

0.0324 

0.0354 

0.0345 

0.0375 

0.0357 

0.0377 

0.0344 

0.0381 

0.0372 

0.0381 

0.0372 

0.0452 

0.0428 

0.0509 

0.0484 

0.0606 

0.0521 

0.0449 

0.0556 

0.0311 

0.0400 

0.0411 

0.0427 

0.0416 

0.0431 

0.0425 

0.0416 

0.0414 

0.0415 

0.0406 

0.0431 

0.0427 

0.0520 

0.0499 

0.0571 

0.0547 

0.0662 

0.0592 

0.0688 

0.0628 

0.0634 

0.0675 

Laver  Parameters 


With  Hiqh  Freestream  Turbulence 


Conf  # 

— 

%  Chord 

Ve  ft/sec 

<5bL  ins* 

Tubl  ins. 

4 . 688 

673.21 

9.375 

657 . 15 

0.0319 

0.0323 

25.000 

629.02 

0.0443 

0.0429 

29.688 

623.71 

0.0464 

0.0431 

34.375 

614 .47 

0.0425 

0.0426 

40.625 

612 . 04 

0.0509 

0.0484 

45.313 

608 .30 

0.0521 

0.0452 

50.000 

599 . 58 

0.0517 

0.0397 

65.625 

567.36 

0.0844 

0.0450 

70.313 

555. 52 

0.1104 

0.05042 

75.000 

545.26 

0.1267 

0.0584 

79.688 

84 . 375 

534 .44 

0.1636 

0.06363 

4 . 688 

9.375 
25.000 

29.688 

34 . 375 

40.625 

45.313 
50.000 

65.625 

70.313 
75.000 

79 . 688 

84 .375 


675.22 
654 . 00 

633.98 
625.83 
621.10 
612.08 
607.49 

598.98 
567.96 
558.28 
555.40 
541.42 
535.26 


0.0305 

0.0570 

0.0578 

0.0678 

0.0715 

0.0827 

0.1357 

0.1493 

0.1993 

0.2072 

0.2469 


0.0377 
0.0397 
0.0422 
0.0464 
0.0472 
0.0502 
0.0629 
0.0689 
0.1367 
0.1455 
0.1564 


4.688 

9 . 375 
25.000 

29 . 688 

34 .375 

40.625 

45.313 
50.000 

65.625 

70.313 
75.000 

79 . 688 

84 . 375 


655.27 

623.98 
611.16 

612 .33 

608 . 58 

599.59 

594 . 59 
587 . 50 
570.40 
558.72 

548.33 

538.28 
540.80 


0.0319 

0.0367 

0.0575 

0.0598 

0.0437 

0.0689 

0.0443 

0.0651 

0.0465 

0.1044 

0.0838 

0.1463 

0.0975 

0.1735 

0.1098 

0.2062 

0.1237 

0.3013 

0.1388 

A  comparison  of  boundary  layer  thickness  for  the  two  levels 
of  freestream  turbulence,  for  each  of  the  three  configurations, 
is  made  in  Figs.  23,  24,  and  25.  These  show  that  the  boundary 
layer  thickness  increases  substantially  and  rapidly,  with 
freestream  turbulence,  after  50%  chord.  This  behavior  is  similar 
for  all  three  configurations,  however  the  rate  and  the  amount  of 
change  is  proportional  to  the  amount  of  surface  roughness.  For 
the  first  half  of  the  blade  surface,  any  changes  in  boundary 
layer  thickness  are  relatively  small  and  inconsistent  from 
configuration  to  configuration.  In  case  of  smooth  blade,  these 
changes  ahead  of  50%  chord  are  negligible.  For  configuration  #2, 
the  boundary  layer  thickness  with  increased  turbulence  is  higher 
from  the  forward  most  data  point,  but  the  rate  of  increase  is 
negligible  till  about  40%  chord.  For  configuration  #3,  the 
boundary  layer  thickness  is  slightly  less  with  increased 
turbulence  till  about  30%  chord,  from  where  it  starts  increasing. 
This  inconsistency  in  thickness  change  of  the  boundary  layer, 
with  high  freestream  turbulence,  for  the  forward  area  can  be 
attributed  to  the  error  in  positioning  of  the  boundary  layer 
probe.  The  probe  is  set  at  a  distance  of  0.03  inches  above  the 
blade  surface  by  manually  moving  the  traversing  mechanism.  The 
accuracy  of  this  is  +  0.005  inches,  additionally,  the  diameter  of 
anemometer  wire  is  0.002  inches.  These  combined  can  give  an 


error  of  0.012  inches.  The  boundary  layer  thickness  in  the  front 


region  is  about  0.03  inches,  this  positioning  error  can  therefore 
be  greater  than  l/3rd  of  the  boundary  layer  thickness  in  forward 
region. 

With  the  exception  of  smooth  blades  with  low  freestream 
turbulence,  boundary  layer  could  not  be  detected  at  4.688%  chord. 
This  indicates  that  the  boundary  layer  thickness  at  this  point  is 
less  than  0.03  inches  for  all  other  cases.  Also,  for 
configuration  #1,  boundary  layer  at  84.375%  chord  could  not  be 
determined  because  of  maximum  traverse  limitation  at  that  time. 
This  point  was  therefore  extrapolated.  Later  for  the  other 
configurations,  this  was  resolved  by  increasing  the  number  of 
points  per  traverse  in  the  trailing  edge  region. 

Boundary  layer  thickness  with  low  freestream  turbulence  was 
compared  with  the  same  obtained  by  Poulin  (3:51),  the  results 
were  similar.  Therefore,  this  method  was  considered  valid  for 
determining  the  influence  of  freestream  turbulence  on  boundary 
layer  thickness. 

To  compare  the  boundary  layer  edge  velocity  at  two  levels  of 
turbulence,  dimensionless  edge  velocity  (Ve/V2>  was  plotted. 
These  plots  for  configurations  1,  2,  and  3  are  given  in  Figs.  26, 
27,  and  28  respectively.  It  is  observed  that  with  increase  of 
freestream  turbulence,  there  is  an  increase  in  edge  velocity 


for  all  three  configurations  behind  50%  chord.  The  amount  of 
increase  in  this  region  is  similar  for  all  three  configurations. 
This  behavior  can  be  correlated  with  the  increase  in  boundary 
layer  thickness  in  this  area.  An  increase  in  boundary  layer 
would  restrict  the  flow  area,  therefore  to  maintain  the  same  mass 
flow  rate,  the  velocity  would  increase. 

The  change  in  edge  velocity  from  leading  edge  to  50%  chord 
varies  with  each  configuration.  For  conf.  #1,  the  edge  velocity 
in  this  region,  with  increase  of  freestream  turbulence, 
increases  more  than  it  does  in  the  rear  half.  For  conf.  #2, 
there  is  an  increase  in  the  velocity  of  forward  portion,  but  less 
than  the  increase  that  occurs  for  the  rear  portion.  In  case  of 
conf.  #3,  the  edge  velocity  reduces  with  freestream  turbulence 
for  the  front  half  of  the  blade.  It  almost  seems  that  with  an 
increase  in  surface  roughness,  the  response  of  boundary  layer  to 
freestream  turbulence,  reduces.  It  may  be  noted  that  surface 
roughness  has  been  incorporated  starting  l/16th  of  the  inch 
behind  leading  edge  and  extends  to  25%  chord.  No  definite 
explanation  for  this  response  of  boundary  layer  edge  velocity  in 
the  forward  half  portion  of  the  blade  can  be  given.  This  effect 
of  surface  roughness  is  confined  to  the  area  in  the  immediate 
vicinity  of  the  roughness.  It  would  be  interesting  to  study  this 
behavior  with  roughness  over  the  entire  suction  surface. 


The  observations  made  in  boundary  layer  study  can  be  summed 
up  by  stating  that  the  boundary  layer  thickness  and  its  growth 
rate,  in  the  rear  half  of  the  blade,  increased  with  increase  of 
freestream  turbulence.  The  edge  velocity  in  this  region  also 
increased.  In  the  forward  half  of  the  blade,  the  effect  of 
turbulence  on  boundary  layer  thickness  was  negligible.  The  edge 
velocity  in  this  region  changed  depending  upon  the  local  surface 
roughness.  The  data  obtained  in  this  investigation  is  not  enough 
to  elaborate  upon  this  aspect. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions :  This  study  was  mainly  concerned  with 

determining  the  effects  of  high  freestream  turbulence  on  a  two 
dimensional  cascade,  at  high  Reynolds  number.  As  a  result  of 
this  investigation,  the  following  conclusions  can  be  made. 

(i)  The  total  pressure  loss  coefficient  in  a  cascade 
decreases  with  increase  of  freestream  turbulence. 

(ii)  Total  pressure  loss  coefficient  in  the  wake  of  a 
cascade  increases,  with  increased  freestream 
turbulence,  because  of  high  mixing  losses. 

(iii)  The  combined  effect  of  cascade  losses  and  wake  losses 
make  the  total  pressure  loss  coefficient  almost  same 
for  both  low  and  high  freestream  turbulence.  This 
trend  seems  to  be  independent  of  blade  surface 
roughness.  However,  surface  roughness  increases  the 
total  pressure  loss  coefficient. 

(iv)  Pressure  coefiicient  (or  static  pressure)  at  each 
point  on  the  blade  suction  surface,  increases  with  an 
increase  in  freestream  turbulence.  This  trend 
remains  same  with  high  surface  roughness. 
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(v)  Any  changes  in  boundary  layer  thickness,  with  high 
freestream  turbulence,  from  leading  edge  to  50% 


chord,  are  negligible.  This  is  similar  for  all 
three  roughness  configurations. 

(vi)  From  50%  chord  till  the  trailing  edge,  high 
freestream  turbulence  causes  the  boundary  layer 
thickness  to  increase  very  rapidly.  This  behavior  is 
strengthened  with  an  increase  in  surface  roughness. 

(vii)  The  boundary  layer  edge  velocity  increases  with  an 
increase  in  freestream  turbulence  for  blades  with 
less  surface  roughness.  When  the  surface  roughness 
is  increased,  this  behavior  is  changed  in  the 
immediate  vicinity  of  high  surface  roughness. 

Recommendations :  Results  of  this  investigation  indicate  that 

the  effects  of  freestream  turbulence  upon  boundary  layer  edge 
velocity  change  with  local  surface  roughness.  A  confirmation  of 
this  effect  is  possible  with  blades  having  roughness  over  the 
whole  suction  surface.  This  investigation  may  be  of  interest  in 
future . 


It  is  also  recommended  that  the  pressure  loss  coefficient 
further  downstream,  where  the  wake  mixing  has  been  completed,  may 
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be  investigated.  This  is  required  to  confirm  the  total  pressure 
loss  and  the  effect  of  freestream  turbulence  on  it. 


This  study  was  limited  to  one  particular  blade  setting.  As 
suggested  previously  by  Poulin  (3:79),  it  may  be  of  interest  to 
modify  the  test  section  to  allow  for  variation  of  angle  of  attack 
and  angle  of  incidence. 

Finally,  there  are  two  areas  where  the  numerical  values  of 
the  data  are  in  doubt.  Firstly,  velocity  readings  from  the 
anemometer  are  about  5%  higher  than  those  calculated  by  static 
pressure  measurements,  secondly,  the  boundary  layer  thickness  can 
have  an  error  of  +.006  inches  due  to  initial  positioning  of  the 
probe.  The  possibility  of  eliminating  these  errors  may  be 
studied. 
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APPENDIX  A 


Pressure  Transducers 
Tank  Total  Pressure 
Test  Section  Inlet  Static 
Test  Section  Exit  Static 
Ambient  Pressure 
Bridge  Balance 
DC  Power  Supply 

Scanivalve  System 
Pressure  Transducer 
Scanivalve 
Controller 

Scanner  Position  Display 


Statham  PM60TC 
Statham  P6TC 
Statham  P6TC 
CEC  4-326 
Type  8-108 
HP  6205C 


PDCR  2 3D 
48S9-3003 
CTLR  2/S2-S6 
J102/J104 


Thermocouples 

Copper-Constantan 
quantity  4 

Traversing  Mechanism 
Motors  quanity  2 


Encoder  Transducer  qty.  2 


Hot  Film  Anemometer  System 
Anemometers  quantity  2 
Monitor  and  Power  Supply 
Oscilloscope 

Boundary  layer  hot  film  probe 
X-conf iguration  hot  film  probe 
Boundary  Layer  Probe  Support 
X-conf iguration  Probe  Supp. 
Calibrator  (modified) 
Transformer 


Data  Acquisition  System 
Computer 

Disk  Drives  quantity  2 
Channel  Scanner 
Digital  Voltmeter 
Printer 
Plotter 


Omega  T-type 


North  American 
Phillips  part 
no.  K82952-M 
Astrosystems 
MT28-1/10 


TSI  Model  1050 
TSI  Model  1051-6 
B&K  Model  157 OA 
TSI  Model  1218-20 
TSI  Model  1241-10 
TSI  Model  1150-18 
TSI  Model  1155-18 
TSI  Model  1125 
General  Radio  Co. 

Type  5 0B 

HP  3052A 
HP  9845B 
HP  9885M,  9885S 
HP  3495A 
HP  34  5  5 A 
HP  987 1A,  2934A 
HP  9872S 


APPENDIX  B:  Hot  Film  Anemometer  Calibration 


The  calibration  technique  used  was  first  developed 
by  Rivir  and  Vonada  (3:81).  Basically  this  is  a  heat  transfer 
problem  in  which,  variation  of  Nusselt  number  with  Reynolds 
number,  is  calibrated.  Subsequently,  in  actual  experiments, 
Nusselt  number  is  calculated  from  measurements,  and  the 
corresponding  Reynolds  number  is  obtained  from  calibration  curve. 


problem. 


King  developed  an  empirical  relation  for  this 


Nu  =  A  +  B  Ren 


This  is  known  as  King's  law.  Nu  is  the  Nusselt  number,  A  and  B 
are  the  intercept  and  slope  of  the  calibration  curve,  Re  is  the 
Reynolds  number  and  n  a  constant  depending  upon  the  Reynolds 
number.  As  the  freestream  temperature  varies  a  lot  from  the 
wire  temperature,  this  equation  has  been  modified  to  get  a 
correction  for  fluid  properties  in  freestream  (3:82).  The 
modified  equation  is 

Nu (Tm/To)  =  B  Ren 

where  Tm  =  (Tw+To)/2,  Tw  is  the  temperature  of  the  wire  and  To  is 
the  temperature  of  freestream. 


The  calibration  procedure  used  in  this  study 


is  exactly  the  same  as  adopted  by  Poulin  (3:83-88).  This 


calibration  was  done  for  a  range  of  temperature  from  100F  to  125F 


0  0 

in  warm  weather  and  from  85F  to  110F  m  cooler  whether.  For 
greater  accuracy,  the  resistance  of  the  cable  connecting  the 
anemometer  to  the  probe  was  also  included.  This  modified  the 
Nusselt  number  equation  as  follows 

_ Eo2Rw _  _ 

Nu(Tm/To)m  =  Kt  ?  (R3+Rw+Rc) 2  (Tw-To) 


where  Eo  =  Voltage  output  of  the  anemometer 

Rw  =  Resistance  of  the  probe 
R3  =  Bridge  resistance  (3:87) 

Rc  =  Cable  resistance 

Kt  =  Thermal  conductivity  of  the  flow 
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WAKE:  CONE.  NO.l,  EVAL.  NO. 1  LON  TURB 

TRAVERSE  NO.  2.00  RT  2.25  INCHES 


oclty  and  Turbu 


WAKE:  CONF.  NO.l,  EVRL .  NO. 1  LOW  TURB 

TRAVERSE  NO.  4.00  AT  4.25  INCHES 


VANE  WAKE:  CONF . 1 ,  EVAL.  NO. I  HIGH  TURB 
TRAVERSE  NO.  1.00  AT  1.25  INCHES 


E  WRKE:  CONF.l,  EVRL.  NO. 1  HIGH  TURB 
TRAVERSE  NO.  2.00  RT  2.25  INCHES 
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VflNE  WAKE:  CONE.l,  EVAL.  NO. 1  HIGH  TURB 
TRAVERSE  NO.  3.00  AT  3.25  INCHES 


Turbu 


E  WAKE:  CONF.l,  EVRL .  NO. 1  HIGH  TURB 
TRAVERSE  NO.  4.00  AT  4.25  INCHES 


APPENDIX  D 


Wake  Survey:  Configuration  #2 

LOW  AND  HIGH  FREESTREAM  TURBULENCE 
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Turbulence  Intensity  Profiles,  Conf .  #2,  x/c  ■  0.G25 


VRNE  WRKE:  C0NF.2,  EVRL.  NO. 1  LOW  TURB 
TRAVERSE  NO.  2.00  RT  2.25  INCHES 


4E  WOKE:  CONF.2,  EVRL.  NO. i  LOW  TURB 
TRRVERSE  NO.  3.00  RT  3.25  INCHES 


Turbulence  Intensity  Profiles,  Conf.  *2,  x/c  "  1.B25 


vIE  WRKE :  CONF .  2 ,  EVRL .  NO.  1  LOW  TURB 
TRRVERSE  NO.  4.00  RT  4.25  INCHES 


Turbulence  Intensity  Profiles,  Conf .  *2,  x/c  “  2.125 


WOKE:  CONF.  NO. 2,  EVRL.  NO. 1  HIGH  TURB 
TRRVERSE  NO.  1.00  RT  1.25  INCHES 


Turbulence  Intensity  Profiles,  Conf.  +2,  x/c  ■  0.G25 


Turbu 


APPENDIX  E 


Wake  Survey:  Configuration  #3 
LOW  AND  HIGH  FREESTREAM  TURBULENCE 


45.  Wake  Velocity  and  Turbulence  Intensity  Profiles,  Conf.  *3,  x/c  "  0.625 


WAKE:  CONF.  NO. 3,  EVAL.  NO. 2  LOW  TURB 
TRAVERSE  NO.  3.00  RT  3.25  INCHES 


Turbulence  Intensity  Profiles,  Conf .  43,  x/c  "  1.G25 


WAKE:  CONF.  NO. 3,  EVRL .  NO. 2  LOW  TURB 
TRAVERSE  NO.  4.00  RT  4.25  INCHES 


Turbulence  Intensity  Profiles,  Conf.  #3,  x/c  ■  2.125 


Turbu 


VRNE  WOKE:  CONF.  NO. 3,  EVRL.  NO. 2  HIGH  TURB 
TRRVERSE  NO.  2.00  RT  2.25  INCHES 


Turbulence  Intensity  Profiles,  Conf.  *3,  x/c  “  1.125 


JRKE:  CONE.  NO. 3,  EVRL.  NO. 2  HIGH  TURB 
TRRVERSE  NO.  3.00  RT  3.25  INCHES 


once  Intensity  Profiles,  Conf.  *3,  x/c  ■  i.625 


JAKE:  CONF.  NO. 3,  EVRL.  NO. 2  HIGH  TURB 
TRAVERSE  NO.  4.00  AT  4.25  INCHES 


APPENDIX  F 


Boundary  Layer  Velocity  S  Turbulence  Intensity  Profiles 


Configuration  #1,  Low  and  High  Freestream  Turbulence 
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Boundary  Layer  Velocity  Profiles,  Conf.#l  at  4.685J  Chord  LOW  TURB 


TURBULENCE  INTENSITY,  PERCENT 


» 

//" 

//- 

i*  v 

» 

• 

;< 

00 

O' 

=D 

f— 

X 

v: 

O 

v' 

!;> 

“O 

1 

L. 

_-  '4 

O 

",*• 

-C 

■  ■,■ 

a 

y* 

iN- 

co 

• 

• 

(D 

» 

at 

TV 

o 

VV 

Ul 

♦ 

v» 

cn 

• 

v' 

\ 

1— 

u. 

*4- 

c 

o 

O 

vj 

V 

V 

. 

m 

» 

>- 

w 

’  \ 

i— 

© 

*  »  * 
4*  O 

i— i 

V*. 

o 

— 

w 

o 

*4- 

Y> 

_) 

o 

■  A 

LU 

> 

e 

CL 

ss 

3 


TURBULENCE  INTENSITY,  PERCENT 


Layer  Ve 


VELOCITY,  FT/SEC 


TURBULENCE  INTENSI'  ,  PERCENT 


Measured  Velocity  Profile 
Invtecld  Veloolty  Profile 
Boundary  Layer  Velocity  Profile 
Moan  Edge  Velocity  (  503.01  ftxsec 


Meaeured  Velocity  Profile 
Invtecld  Velocity  Profile 
Boundary  Layer  Velocity  Profile 
Mean  Edge  Velocity  (  545.13  ft/aec 


LOW  TURB 


VELOCITY 


INTENSITY,  PERCENT 


TURBULENCE  INTENSITY,  PERCENT 


Maaeured  Velocity  Profile 
Invlectd  Velocity  Profile 
Boundary  Layer  Velocity  Profile 
Mean  Edge  Velocity  (  511.12  ft^eec 


1 - T - 1 - | - 1 - r — 7 - T - 1 - 1 - 1 - T - 1 — 1  i — 1 - T - 1 - ] - 1  I  !  r 


Q 

rv 


Q 

in 

CD 


J 

i 


CD 

CD 

CO 


DO 

a. 

ID 


“O 

t. 

o 

x: 

o 


m 


G> 

LD 

iD 


00 

■P 


m 


*ni  ‘33bJ«ns  woyj  iN3w30bndSia 


-  12  3- 


,  A  v 


FLOW  VELOCITY,  FT/SEC 


TURBULENCE  INTENSITY,  PERCENT 


. 79 . Boundary  Layer  Velocity  Profiles,  Conf.fl  at  4. 69%  Chord  HIGH  TURB 


Measured  Velocity  Profile 
Invleold  Velocity  Profile 
Boundary  Layer  Velootty  Profile 
Mean  Edge  Velocity  (  656. M  ft/sec 


;onf.#l  at  9.37*/.  Chord  HIGH  TURB 


TURBULENCE  INTENSITY,  PERCENT 


TURBULENCE  INTENSITY,  PERCENT 


[SSI 

[51 


3 


FLOW  VELOCITY,  FT/SEC 


Conf.fl  at  50%  Chord  HIGH  TURB 


FLOW  VELOCI 


Profiles,  Conf .#1  at  75*  Chord  HIGH  TURB 


ty  Prof  t la 

Va 1 oo 1 ty  Prof  1  1  a 

tty  (  534.43  ft^sac 


onf.il  at  79. 68*/.  Chord  HIGH  TURB 


APPENDIX  C 


Boundary  Laver  Velocity  &  Turbulence  Intensity  Profiles 


Configuration  #2.  Low  and  High  Freestream  Turbulence 


VELOCITY,  FT/SEC 


33d3driS  WObJ  xN3^33b3d5:C 


FLOW  VELOCITY,  FT/SEC 


33tj  ifinS  WOdJ  .N3i433dldS:C 


Velocity  Profile 


OK  VELOCITY,  E 7/SEC 


TURBULENCE  INTENSITY,  PERCENT 


Measured  Velocity  Profile 
Invleold  Velocity  Profile 
Boundary  Layer  Velocity  Profile 
Mean  Edge  Velocity  (  611.9?  ft/eec 


ooooooooooooooooo 


.  +  +-+'K+ 


+  + 


j 

UJ 

I  >  i  i  i  !  i  i  i  i  I  i  <  i  i  I  i  i  i 


ni  ‘Bnyjans  woaj  iN3W30bidsia 


VELOCITY,  FT/SEC 


TURBULENCE  INTENSITY,  PERCENT 


IS 


AS 


Measured  Valootty  Prof)  la 
Invlectd  Velocity  Profits 
Boundary  Layer  Velocity  Profile 
Mean  Edge  Valootty  (  319.86  ft/aeo 


Boundary 


TURBULENCE  INTENSITY,  PERCENT 


Boundary  Layer  Velocity  Profiles,  Conf.#2  at  9.3?%  Chord  HIGH  TURB 


Boundary 


182  - 


TURBULENCE  INTENSITY,  PERCENT 


Profiles,  Conf . #2  at  45.31*/.  Chord  HIGH  TURB 


F ig. 143. Boundary 


Heuursd  Velocity  Profile 
Inviacld  Voloolty  Profile 
Boundary  Layer  Velocity  Profile 
Mean  Edge  Velocity  (  55S.4  ft/eeo 


Fig. 149. Boundary  Layer  Velocity  Profiles,  Conf.#2  at  75%  Chord  HIGH  TURB 


Boundary  Layer  Velocity  Profiles,  Conf.#2  at  ? 9.68X  Chord  HIGH  TURB 


Boundary  Lay-  Velocity  Profile 
Keen  Edge  Vslootty  (  535.23  ft^eeo 


Boundary  Lu,  --  Velocity  Profiles,  Conf.*2  at  B4.3?,/.  Chord  HIGH  TURB 


APPENDIX  H 


Boundary  Laver  Velocity  S  Turbulence  Intensity  Profiles 


Profiles,  Conf.f3  at  9.3?%  Chord  LOW  TURB 


Measured  Velocity  Profile 
Invisoid  Velocity  Profile 
Boundary  Layer  Velocity  Profile 
Mean  Edge  Velocity  (  613.24  ft^aeo 


'tSj 

0 


1 


fV 


Q 

in 

05 


Q 

GJ 


♦  I  O  Ld 


Li _ i _ i_i _ I _ i — i _ i _ i _ 1 _ i _ i _ i _ i _ 1 — i — i — i — i — L 

in  ro  ru  — • 

a  •  •  •  • 

*NI  ‘30BJynS  W0B3  iN3W33BldSIQ 


in 

co 


Q 

CS) 

CO 


Q 


>> 

o 

o 

V 

> 


i- 

© 

>> 

to 


>s 

&- 

0 

~D 

c 

3 

O 

cn 

<n 

in 


a i 

Li_ 


-  207  - 


Profiles,  Conf.#3  at  25'/,  Chord  LOW  TURB 


TURBULENCE  INTENSITY,  PERCENT 


v; 

>w* 

V  ’ 
V' 

• 

.N. 

1 

m 

• 

OL 

•_ 

>— 

*"  '• 

X 

o 

-o 

c. 

1  %" 

o 

-C 

• 

o 

CD 

CO 

•/ 

• 

■ 

CD 

*  *.* 

h- 

ru 

Z 

Ld 

p 

CJ 

id 

• 

oc 

CO 

* 

T~3 

u 

CL 

:\r 

M- 

* 

c 

„*< 

>- 

o 

t— 

o 

. "  *_ 

i— i 

tn 

» 

v% 

z 

o 

Ld 

*— 

V 

1 — 

•*- 

Z 

i— i 

*4- 

o 

■ 

L 

Ld 

CL 

‘  K  * 

v\ 

O 

>s 

V- 

z 

P 

/• 

Id 

-V- 

_J 

V) 

- 

c 

» 

CQ 

o 

• 

QC 

p 

4* 

3 

1 — 

c 

l-H 

.  ■*  . 

»  .  » 
»s*  4¥ 

Boundary  Layer  Velocity  Profiles,  Conf.#3  at  45.315J  Jhord  LOW  TURB 


TURBULENCE  INTENSITY,  PERCENT 


Boundary  Layer  Velocity  Profiles,  Conf.#3  at  52%  Chord  LOW  TURB 


VELOCITY,  FT/SEC 


Manured  Velootty  Profile 
Invteotd  Velootty  Profile 


Boundary  Layer  Velocity  Profiles,  Conf.#3  at  75’4  Chord  LOW  TURB 


Meaeured  Velocity  Profile 
Invieold  Veloolty  Profile 
Boundary  Layer  Veloolty  Profile 
Mean  Edge  Vo  loo  tty  (  325. 74  f t/eeo 


VELOCITY,  FT/SEC 


TURBULENCE  INTENSITY,  PERCENT 


Boundary  Layer  Velocity  Profiles,  Conf.#3  at  25%  Chord  HIGH  TURB 


Boundary  Layer  Velocity  Profiles,  Conf.#3  at  29.68%  Chord  HIGH  TURB 


Meaeured  Veloolty  Profile 
Invteotd  Veloolty  Profile 
Boundary  Layer  Veloolty  Profile 
Mean  Edge  Veloolty  (  608.57  ft /tac 


NI  ‘30dJanS  W0d3  lN3W3DfcndSICI 


TURBULENCE  INTENSITY,  PERCENT 


Mauursd  Velocity  Profile 
Invleold  Velootty  Profile 
Boundary  Layer  Velocity  Profile 
Mean  Edge  Velocity  <  394.59  ft/aec 


Boundary  Layer  Velocity  Profiles,  Conf.#3  at  45.315;  Chord  HIGH  TURB 


red  Velocity  Profile 
old  Velocity  Profile 
ery  Layer  Veloolty  Profile 
Edge  Veloolty  (  507.49  ft/eeo 


Boundary  Layer  Velocity  Profiles,  Conf.#3  at  50%  Chord  HIGH  TURB 


red  Veloolty  Pro#) la 
old  Veloolty  Profile 
ary  Layer  Velocity  Profile 
Edge  Veloolty  (  570.39  ft/aeo 


ni  ‘3DbJans  woaj  iN3U33fc)idsia 


Bibliography 

Gostelow,  J.  P.  Cascade  Aerodynamics. 
Press,  1984. 


New  York:  Pergamon 


Schlicting,  H.  and  A.  Das.  "Flow  Research  On  Blading,"  On 
the  Influence  of  Turbulence  Level  on  the  Aerodynamic  Losses 


of  Axial  Turbomachines.  Edited  by  Lang  S.  Dzung.  Baden, 
Switzerland:  Brown,  Boveri  and  Company  Limited. 

Poulin,  Capt.  J.  Remy.  Surface  Roughness:  Its  Effects  On 

The  Performance  Of  A  Two  Dimensional  Cascade.  MS  thesis, 
AFIT/GAE/AA/86D-13 .  School  of  Engineering,  Air  Force 
Institute  of  Technology  (AU) ,  Wright  Patterson  AFB  OH, 
December  1986. 

Williams,  Capt.  Larry  D.  Effects  Of  Surface  Roughness  On 
Pressure  Distribution  And  Boundary  Laver  Over  Compressor 


Blades At  High  Reynolds  Number  In  A  Two  Dimensional  Cascade 


MS  thesis,  AFIT/GAE/AA/85D-17 .  School  of  Engineering,  Air 
Force  Institute  of  Technology  (AU) ,  Wright  Patterson  AFB  OH, 
December  1985. 


Tanis,  2Lt.  Fredrick  J.,  Jr.  Roughness  Effects  On 
Compressor  Blade  Performance  In  Cascade  At  High  Reynolds 


Number.  MS  thesis,  GAE/AA/81D-2 .  School  of  Engineering, 
Air  Force  Institute  of  Technology  (AU) ,  Wright  Patterson  AFB 
OH,  November  1983. 

Lieblein,  Seymour.  "Experimental  Flow  In  Two  Dimensional 
Cascade,"  Aerodynamic  Design  Of  Axial  Flow  Compressors 
(Revised) ,  edited  by  Irving  Johnson  and  Robert  O.  Bullock, 
Washington:  NASA,  1965. 

Lieblein,  Seymour  and  William  H.  Roudebush.  Low  Speed  Wake 
Characteristics  Of  Two  Dimensional  Cascade  And  Isolated 


Aerofoil  Sections.  Technical  Note  3771,  NACA,  October  1956. 

Scholz,  Norbert.  Aerodynamics  Of  Cascades.  AG220.  Neuilly 
sur  seiene,  France:  AGARD,  1977. 

Deutsch,  A.  and  N.  Zierke.  The  Boundary  Laver  On  Compressor 
Cascade  Blades.  NASA-CR-1735114 :  Semi-Annual  Status  Report, 
1  December  1983  -  June  1984. 

Allison,  Capt.  Dennis  M.  Design  And  Evaluation  Of  A  Cascade 
Test  Facility.  MS  thesis  GAE/AA/81D-2 .  School  of 
Engineering,  Air  Force  Institute  of  Technology  (AU) ,  Wright 
Patterson  AFB  OH,  June  1982. 


Moe,  Capt.  Gary  P.  Influence  Of  Surface  Roughness  On 
Compressor  Blades  At  High  Reynolds  Number  In  A  Two 
Dimensional  Cascade.  MS  thesis  GAE/AA/84D-19 .  School  of 
Engineering,  Air  Force  Institute  of  Technology,  Wright 
Patterson  AFB  OH,  December  1984. 

Hewlett  -  Packard.  3052A  Automatic  Data  Acquisition  System 
Operating  Instructions.  Vol.  1A,  undated. 

Vincent,  E.  T.  The  Theory  And  Design  Of  Gas  Turbines  And 
Jet  Engines.  New  York  McGraw-Hill  Book  Company 
Incorporated,  1950. 

Evans,  R.  L.  The  Effects  Of  Free  Stream  Turbulence  On  The 
Profile  Boundary  Laver  and  Losses  In  Compressor  Cascade. 
New  York:  ASME,  1984. 


256 


Squadron  Leader  Salman  Absar  was  born  on  2nd  December  1955 
in  Karachi,  Pakistan.  He  received  a  Bachelor's  degree  in 
Aerospace  Engineering  from  the  University  of  Karachi  in  1977. 
The  same  year,  he  was  commissioned  in  the  Pakistan  Air  Force. 
Since  then,  he  has  worked  on  various  aircraft  maintenance  and 
management  appointments  in  the  Air  Force  and  the  Ministry  of 
Defence.  He  is  a  member  of  the  Pakistan  Engineering  Council. 

Permanent  address:  FF3/31, 

Sea  View  Township, 

Defence  Housing  Authority, 


KARACHI.  PAKISTAN. 


■  V*  O  * 


r*  v  .-  v  v 


3 


Unc lassif led 

Security  Classification  of  this  page 

I  REPORT  DOCUMENTATION  PAGE 

a  REPORT  SECURITY  CLASSIFICATION  1b  RESTRICTIVE  MARKINGS 

vV  Unclassified 

v.V  - 

2*  SECURITY  CLASSIFICATION  AUTHORITY  3  distribution /availabi 

. -  ■  Approved  for  Pt 

2b.  DECLASSIFICATION /DOWNGRADING  SCHEDULE  distribution  ur 


Form  Approved 
OMB  No.  0704-0188 


t  PERFORMING  ORGANIZATION  REPORT  NUM8ER(S) 

AFIT/ GAE/AA/88M- 1 
6a  NAME  OF  PERFORMING  ORGANIZATION  6b 
School  of  Engineering. 

6c  ADDRESS  (City,  State,  and  ZIP  Code) 


3  DISTRIBUTION /AVAILABILITY  OF  REPORT 

Approved  for  Public  release; 
distribution  unlimited. 

5.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6b  OFFICE  SYMBOL  7a.  NAME  OF  MONITORING  ORGANIZATION 
(If  applicable) 


7b  ADDRESS  (City,  State,  end  ZIP  Code) 


Air  Force  Institute  Of  Technology, 
Wright  Patterson  AFB ,  Ohio  45433. 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 


8c  ADDRESS  (City.  State,  and  ZIP  Code) 


8b  OFFICE  SYMBOL  9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  applicable) 


10  SOURCE  OF  FUNDING  NUMBERS 

PROGRAM  I  PROJECT  *  T 

ELEMENT  NO  I  NO  J 


I  WORK  UNIT 
ACCESSION  NO 


[11  TITLE  (Include  Security  Classification) 

See  box  19  (Unclassified) 

12  PERSONAL  AUTHOR(S) 

{  •  Salman  Absar,  BEng.  Sqn.Ldr. (Maj ,  Pakistan  Air  Force. 

13a  TYPE  OF  REPORT - II 3b  TIME  COVERED  1)4  DATE  OF  REPORT  (Year.  Month.  Day)  115  PAGE  COUNT 

MS  Thesis. _ |  TO  -  I  »88'  _ I _ 2J2— 

16.  SUPPLEMENTARY  NOTATION 


1 

17. 

COSATI  CODES  S 

FIELD 

GROUP 

SUB-GROUP 

21 

05 

18  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Cascade  Testing,  Surface  Roughness,  Compressor  blade 
pressure  distribution,  Boundary  Layer,  Turbulence. 


19  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 


Title:  EFFECT  OF  FREESTREAM  TURBULENCE  ON  A  TOO  DIMENSIONAL  CASCADE,  WITH  AND  WITHOUT 
SURFACE  ROUGHNESS,  AT  HIGH  REYNOLDS  NUMBER. 


Thesis  Chairman:  Dr.  William  C.  Elrod. 

Associate  Professor  of  Aerospace  Engineering. 


IF. 7/  AiH  190-lV 

w  tvtf 


3 


.A'  20  DISTRIBUTION/  AVAILABILITY  OF  ABSTRACT 

"-''•'i  0  UNCLASSIFIED'UNLIMITED  □  SAME  AS  RPT  □  DTIC  USERS 


22a  NAME  OF  RESPONSIBL'  INDIVIDUAL 

Dr.  William  C.  Elrod, 


21  ABSTRACT  SECURITY  CLASSIFICATION 

_ Unclassified 

22b  TELEPHONE  (Include  Area  Codei  22c  OFFICE  SYMBOL 

_ 5 13-255-3517 _  AFIT/ENY 


Previous  editions  are  obsolete 


DO  Form  1473,  JUN  86  previous  editions  are  obsolete  security  classification  Of.  this,  page - 

Unclassified 


Unclassified 


The  present  study  shows  the  effects  of  high  freestream  turbulenc/. 
on  the  performance  of  a  two  dimensional  cascade.  The  cascade 
consisted  of  seven  NACA  65-A506  airfoils  with  two  inches  chord. 
Experiments  were  carried  out  at  flow  Reynolds  number  per  foot  in 
excess  of  two  and  a  half  million.  Flow  turbulence  intensity  of  7%  was 
generated  upstream  of  the  cascade.  Blades  with  three  different 
categories  of  surface  roughness  were  studied. 

High  freestream  turbulence  results  in  a  decrease  in  total 
pressure  loss  coefficient  in  the  cascade  and  an  increase  in  the  total 
pressure  loss  coefficient  in  the  wake.  The  results  also  show  an 
increase  in  pressure  coefficient,  over  the  suction  surface, 
independent  of  the  amount  of  surface  roughness.  The  boundary  layer 
thickness,  after  50%  chord,  increases  substantially,  with  an  increase 
in  freestream  turbulence.  This  effect  is  aggravated  with  higher 
surface  roughness.  The  effects  of  high  freestream  turbulence  on 
boundary  layer  edge  velocity  are  sensitive  to  local  surface  roughness. 
With  low  surface  roughness,  the  boundary  layer  edge  velocity  increase 
with  freestream  turbulence.  The  results  indicate  an  opposite  effect 
when  local  surface  roughness  is  increased. 


Unclassified 


